domain of EIAV. AIP1 (also known as ALIX) was precoverage). Eight peptides also matched the KIAA1375 protein, which represents a C-terminal fragment of AIP1. viously identified as an interactor for ALG-2, a calcium binding protein implicated in apoptosis (Missotten et
Importantly, VLP produced by the L 28 A p6 mutant yielded no peptides matching AIP1, indicating that the incorpoal., 1999; Vito et al., 1999). We find that AIP1 also interacts with Tsg101 and with CHMP4 proteins, the human ration of AIP1 into SIV agm VLP is specific. The p6-dependent ‫69ف‬ kDa protein in HIV-1 VLP also yielded a total of homologs of a yeast ESCRT-III component. Further, we show that mutant versions of AIP1 and of putative mam-15 tryptic peptides that matched AIP1 (26.8% coverage). We thus conclude that the p6 domains of SIV agm and malian ESCRT-III components arrest both HIV-1 and EIAV budding. Our results suggest that AIP1 couples HIV-1 both direct the incorporation of AIP1, a ubiquitously expressed 868 residue protein with a conserved HIV-1 p6 and EIAV p9 to the late-acting endosomal sorting complex ESCRT-III. N-terminal Bro1-like domain, predicted coiled-coil domains, and a C-terminal proline-and tyrosine-rich domain (Missotten et al., 1999; Vito et al., 1999) .
Results
To verify that p96 is AIP1, we coexpressed WT SIV agm Gag or the L 28 A p6 mutant with HA-tagged AIP1. AIP1-HA P6-Dependent Incorporation of AIP1 into SIV was readily detected by Western blotting in VLP produced and HIV-1 Particles by WT SIV agm Gag, but was absent from L 28 A mutant We consistently detected a protein of ‫69ف‬ kDa (provi-VLP ( Figure 1C ). Since the L 28 A mutation prevents the sionally designated p96) in [ amounts to Gag, Vpr reduced the uptake of HA-AIP1 by was also detectable in VLP formed by the Gag polyprotless than 10% as quantified by PhosphorImager analysis ein of SIV mac ( Figure 1B, lane 3) , and the removal of the (data not shown). These data confirm that AIP1 specifi-12 C-terminal p6 residues led to the disappearance of cally interacts with SIV agm Gag, and indicate that AIP1 the band (lane 4). Finally, we compared VLP produced and Vpr do not efficiently compete for binding to Gag. by the HIV-1 Gag constructs Z WT -p6 and Z WT (Accola et al., 2000), which differ only in the presence or absence of a p6 domain. In both constructs, NC is replaced by AIP1 Interacts with a Conserved C-Terminal Region of HIV-1 p6 a leucine zipper domain, which rescues VLP production in the absence of p6 (Accola et al., 2000). HIV-1 VLP To localize the HIV-1 Gag region that interacts with AIP1, GST-p6 HIV1 was bound to glutathione-Sepharose beads containing p6 (lane 5), in contrast to those lacking p6 (lane 6), incorporated a protein that comigrated with and incubated with extract from 293T cells expressing HA-tagged AIP1. HA-AIP1 was detected in association p96. These data indicated that the ability to incorporate p96 in a p6-dependent manner is conserved among with GST-p6 HIV1 , but not with GST alone (Figure 2A ). GSTp6 HIV1 also bound HA-AIP1 that lacked the C-terminal three widely divergent lineages of primate lentiviruses.
Microsequencing of p96 purified from SIV agm VLP ‫051ف‬ residue proline-rich domain (PRD). Indeed, while HA-AIP1 ⌬PRD was less well expressed than full-length yielded 15 peptides that matched AIP1/ALIX (21.8% HA-AIP1, GST-p6 HIV1 recovered more HA-AIP1 ⌬PRD than and F45 (LF 45 PS) was unable to bind to HA-AIP1 ⌬PRD ( Figure 2C, right) . These results demonstrate that the HA-AIP1 from cell extracts (Figure 2A) . However, the removal of an additional 75 residues from the C terminus LXXLF motif is necessary for the in vitro interaction between HIV-1 p6 and AIP1, whereas the PT/SAP motif resulted in a protein that was no longer able to interact with GST-p6 HIV1 (Figure 2A) . is dispensable. HIV-1 p6 residues 32-46, which are sufficient for AIP1 Except for a PT/SAP and a LXXLF motif, which are widely conserved among primate lentiviruses, the p6 binding, exhibit significant homology to the p6 domain of SIV col , which is otherwise highly divergent and lacks domains of HIV-1 and HIV-2 show little sequence homology. Nevertheless, HIV-2 p6 fused to GST bound HAan evident binding site for Tsg101. In addition to the LXXLF motif, the region of homology includes the se-AIP1 even more efficiently than HIV-1 p6 ( Figure 2B ). To examine the role of the PT/SAP and LXXLF motifs, we quence LYP, which is also found at the core of the EIAV L domain (see Figure 4A ). As shown in Figure 2C (right), expressed fragments of HIV-1 p6 as GST fusion proteins. GST-p6 HIV1 (1-41), which retains the PT/SAP motif but small internal deletions in GST-p6 HIV1 that affected the LYP motif (⌬32-36, ⌬34-35, and ⌬37-41) abolished the lacks most of the LXXLF motif, bound only trace amounts of HA-AIP1 ( Figure 2B ). In contrast, normalized interaction with HA-AIP1 ⌬PRD , whereas deleting p6 residues 27-31 just N-terminal to the LYP motif had no for the amounts of GST fusion protein on the matrices, GST-p6 HIV1 (22-46) and GST-p6 HIV1 (32-46), which retain effect. We conclude that the LYP motif in HIV-1 p6 forms part of the primary binding site for AIP1. Of note, the only the LXXLF motif, bound similar quantities of HA-AIP1 as full-length GST-p6 HIV1 ( Figure 2B ). ⌬34-35 deletion, which disrupts the AIP1 binding site, was previously described as an unusual polymorphism To determine the contribution of the LXXLF motif more precisely, the conserved residues within the motif were Based on these findings, we asked whether AIP1 interacts with mammalian homologs of yeast class E Vps proteins. In yeast two-hybrid assays, both full-length AIP1 and AIP1
358-868 expressed as GAL4 DBD fusion proteins interacted well with Tsg101 fused to the GAL4 AD ( Figure 5A and data not shown). Furthermore, Tsg101 specifically coprecipitated with FLAG-tagged full-length AIP1 from 293T cell lysates ( Figure 5D ), demonstrating that AIP1 and Tsg101 also interact in human cells.
A database search indicated that yeast Vps32 has three nearly equally related human homologs: CHMP4A (BC033859), CHMP4B (BC010893), and CHMP4C (BC014321). These share 39%, 37%, and 36% amino acid sequence identity with S. cerevisiae Vps32, respectively. In the yeast two-hybrid system, AIP1 fused to the GAL4 DBD strongly interacted with CHMP4A or CHMP4B fused to the GAL4 AD, and these interactions were confirmed with reciprocal constructs ( Figure 5B and data not shown). CHMP4A also yielded a specific yeast two-hybrid signal with Vps4A ( Figure 5C ). To determine whether AIP1 binds CHMP4A in human cells, HAtagged full-length AIP1 was transiently expressed in 293T cells together with FLAG-tagged CHMP4A. As shown in Figure 5E , CHMP4A-FLAG coprecipitated with AIP1-HA (lane 3) but not with the cyclophilin A (CyPA)-HA control (lane 2). Taken together, these data indicate that AIP1 interacts directly with components of both the expected mobilities of CHMP4A-FLAG and CHMP4A CHMP4A becomes trapped in a large detergent-insoluble complex. Furthermore, Vps4A E228Q itself is drawn into efficiently coprecipitated with AIP1-HA when coexpressed with WT Vps4A (Figure 6A, lanes 1 and 3) . Inthis complex, supporting the conclusion that Vps4 and CHMP4A interact. Our observations are consistent with deed, the molar ratio of CHMP4A to AIP1-HA was ., 1998) . Similarly, we found that Vps4A E228Q drastically reduced the RFP, the resulting RFP-AIP1 ⌬BRO fusion protein localized exclusively to a few large vesicular structures in the amount of CHMP4A-FLAG in the NP-40 soluble fraction (data not shown). Even when the cells were lysed in cytoplasm (data not shown). When AIP1 ⌬PRD -RFP and RFP-AIP1 ⌬BRO expression more stringent RIPA buffer, CHMP4A-FLAG was found exclusively in the detergent-insoluble fraction when vectors were cotransfected with the full-length HIV-1 clone HXBH10, we found that both fusion proteins signifcoexpressed with Vps4A E228Q -FLAG ( Figure 6B ). Furthermore, Vps4A E228Q -FLAG redistributed to the RIPA-insoluicantly inhibited HIV-1 virion production, as monitored by the release of particle-associated MA and CA into ble fraction if CHMP4A was coexpressed ( Figure 6B ). We infer that Vps4A E228Q blocks the in vivo association the medium (Figure 7A, left) . Importantly, neither fusion protein affected the overall levels of cell-associated Gag between detergent-soluble AIP1 and CHMP4A because . AIP1 ⌬PRD -RFP also dramatically reduced particle production by the EIAV Gag polyprotein bly defect ( Figure 7B, right) . CHMP3-RFP also blocked particle production by EIAV without affecting the steady-state levels of cell-associated Gag ( Figure 7C, lane 3) .
Gag at a 1:1 DNA ratio ( Figure 7C, lane 4) , while the EIAV Gag expression levels remained comparable to Because AIP1 interacts with CHMP4 proteins, we also tested the effects of CHMP-RFP fusion proteins on viral those obtained with the RFP control. At the same DNA ratio, CHMP4A-RFP blocked EIAV VLP production but particle formation, based on the finding that the family member CHMP1 can be converted into a dominantalso reduced Gag expression levels (data not shown).
However, EIAV Gag expression was no longer affected negative form by fusing its C terminus to GFP (Howard et al., 2001). We fused RFP to the C termini of CHMP3
if the amount of CHMP4A-RFP DNA was lowered 10-fold, whereas VLP production remained nearly comand CHMP4, whose yeast homologs are components of different subcomplexes of ESCRT-III (Babst et al., pletely blocked ( Figure 7C, lane 6) . Thin section electron microscopy revealed that 2002a). Even when 293T cells were cotransfected with the CHMP3-RFP expressor and HXBH10 at a DNA ratio AIP1 ⌬PRD -RFP and RFP-AIP1 ⌬BRO both induced an accumulation of HIV-1 budding structures and immature paras low as 1:6, HIV-1 virion production from the full-length provirus was blocked, and instead significant quantities ticles at the cell surface, indicating that HIV-1 assembly was inhibited at a late stage ( Figure 7D, top) . We also of CHMP3-RFP were released in a pelletable form (Figure 7B, lane 3) . HIV-1 virion release was also blocked examined the effect of AIP1 ⌬PRD -RFP on EIAV budding. Extensive electron-dense plaques that appeared to be by CHMP4A-RFP (lane 5). At the 1:6 input DNA ratio, epitope for AIP1 family members throughout eukaryotic evolution.
Mammalian Expression Plasmids
We demonstrate that EIAV p9 can efficiently recruit 
